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Figure	
   5-­‐12:	
   Comparison	
   of	
   manual	
   and	
   automated	
   grid	
   preparation.	
   Representative	
  
overview	
   images	
   of	
   lysate	
   from	
   heat-­‐shocked	
   (46°C	
   for	
   60min)	
   BHK	
   cells.	
   (a)	
   Prepared	
  
with	
  the	
  setup	
  and	
  conditioned	
  with	
  1%	
  	
  NanoW6.8.	
  	
  (b)	
  Manually	
  prepared	
  (1	
  min	
  sample	
  
adsorption	
  followed	
  by	
  four	
  wash	
  steps	
  of	
  5	
  sec)	
  and	
  stained	
  with	
  2%	
  NanoW6.8	
  (two	
  times	
  
5	
  µl	
   of	
   stain	
   for	
  10	
   sec).	
  Besides	
   the	
  heat-­‐shock	
  proteins	
   that	
   can	
  be	
  observed	
  with	
  both	
  
preparation	
   methods	
   the	
   setup	
   preparation	
   method	
   reveals	
   more	
   sample	
   constituents.	
  
Large	
  “protein	
  packed”	
  membrane	
  patches	
  as	
  well	
  as	
  filaments	
  are	
  abundant	
  and	
  clearly	
  
visible	
  with	
  structural	
  details.	
  These	
  components	
  were	
  not	
  observed	
  when	
  the	
  grids	
  were	
  
prepared	
  by	
  hand.	
  Scale	
  bars:	
  200	
  nm.	
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6 General	
  discussion	
  
6.1 Validation	
  of	
  the	
  established	
  methodologies	
  The	
   motivation	
   for	
   the	
   development	
   of	
   the	
   protein	
   isolation	
   method	
   (see	
  chapter	
   2	
   and	
   3)(1)	
   was	
   two	
   fold:	
   on	
   one	
   hand,	
   the	
   traditional	
   methodologies	
  employed	
  to	
  investigate	
  large,	
  dynamic	
  multimolecular	
  protein	
  complexes	
  come	
  with	
  some	
   intrinsic	
  drawbacks	
  which	
  the	
  presented	
  method	
  aims	
  to	
  overcome.	
  On	
   the	
   other	
   hand,	
   in	
   the	
   long	
   run	
   the	
   interactome	
   of	
   single	
   cells	
   should	
   be	
  investigated	
   to	
   avoid	
   biological	
   noise.	
   To	
   this	
   end,	
   concepts	
   that	
   reduce	
   the	
  complexity	
  of	
  single-­‐cell	
   lysates	
  must	
  be	
   found	
  to	
   facilitate	
   the	
  analysis	
  of	
  such	
  samples.	
   The	
   presented	
   methodology	
   was	
   designed	
   for	
   being	
   easily	
   down	
  scalable	
   in	
   respect	
   to	
   volumes	
   and	
   concentrations	
   while	
   conserving	
   its	
  functionality,	
  thereby	
  accessing	
  the	
  realms	
  of	
  single-­‐cell	
  processing.	
  Traditional	
  methods	
  used	
  in	
  proteomics	
  often	
  rely	
  on	
  gel	
  electrophoresis	
  and	
  mass	
   spectrometry.(2,3)	
   Analytes	
   thereby	
   typically	
   undergo	
   exhaustive	
  purification	
   procedures	
   prior	
   to	
   their	
   analysis,	
   based	
   on	
   gel	
   filtration,	
   affinity	
  and	
  size	
  exclusion	
  chromatography,	
  immunoprecipitation,	
  chemical	
  crosslinking	
  and	
  genetic	
  engineering	
  to	
  introduce	
  affinity	
  tags.	
  The	
  state	
  of	
  a	
  protein,	
  in	
  terms	
  of	
   its	
   composition	
   and	
   structure,	
   can	
   be	
   extremely	
   difficult	
   to	
   maintain	
  throughout	
   a	
   purification	
   process.	
   This	
   is	
   especially	
   true	
   for	
   large,	
   dynamic	
  multimolecular	
   protein	
   complexes	
   often	
   composed	
   of	
   weakly	
   interacting	
  constituents.	
   The	
   presented	
   isolation	
   method	
   uses	
   the	
   benefits	
   of	
   magnetic	
  beads	
  combined	
  with	
  photocleavable	
  linkers	
  for	
  mild	
  and	
  very	
  specific	
  isolation	
  of	
   minute	
   volumes	
   of	
   endogenous	
   protein	
   complexes.	
   The	
   approach	
   utilizes	
  antibodies	
  to	
  capture	
  the	
  target	
  proteins,	
  at	
  the	
  cost	
  of	
  being	
  dependent	
  on	
  the	
  availability	
   of	
   the	
   required	
   affinity	
   molecule	
   and	
   its	
   specificity.	
   In	
   return,	
  endogenous	
  proteins	
  can	
  be	
  studied,	
  i.e.	
  targets	
  are	
  formed	
  in	
  vivo	
  and	
  represent	
  a	
  true	
  native	
  state,	
  as	
  no	
  tag	
  must	
  be	
  introduced	
  which	
  might	
  affect	
  the	
  fidelity	
  of	
  a	
  complex.	
  The	
  method	
  yields	
  samples	
  of	
  high	
  purity,	
  in	
  particular	
  for	
  a	
  one-­‐step	
  purification	
  method,	
  and	
  allows	
  protein	
  binding	
  partners	
  constituting	
  a	
  complex	
  to	
   be	
   labelled;	
   both	
   facilitates	
   sample	
   interpretation	
   during	
   subsequent	
   TEM	
  analysis.	
   Exploiting	
   the	
   single	
   particle	
   detection	
   limit	
   of	
   TEM,	
   the	
   relative	
  occurrence	
   and	
   the	
   composition	
   of	
   different	
   protein	
   subcomplexes	
   formed	
  around	
   a	
   common	
   central	
   protein	
   can	
   be	
   investigated.	
   The	
   presence	
   of	
  heterogeneous	
   subcomplexes	
   indicates	
   different	
   cellular	
   functions	
   to	
   be	
  associated	
   with	
   a	
   particular	
   subcomplex	
   and	
   is	
   thus	
   important	
   to	
   understand	
  and	
  extremely	
  difficult	
  to	
  assess	
  with	
  classical	
  analysis	
  methods	
  available.	
  Thus	
  the	
   developed	
   protein	
   isolation	
   method	
   combined	
   with	
   single	
   particle	
   TEM	
  provides	
  an	
  elegant	
  way	
  to	
  rapidly	
  probe	
  and	
  characterize	
  protein	
  complexes.	
  It	
  can	
   provide	
   initial	
   structural	
   information	
   of	
   targets	
   prior	
   to	
   time	
   consuming	
  large-­‐scale	
   protein	
   purification	
   and	
   complex	
   hybrid	
   approaches	
   for	
   analysis.(4)	
  Moreover,	
   proof-­‐of-­‐concept	
   experiments	
   revealed	
   that	
   the	
   amount	
   of	
   isolated	
  protein	
   is	
   dependent	
   on	
   the	
   target	
   protein	
   concentration	
   in	
   the	
   processed	
   cell	
  lysate.	
   This	
   finding	
   ultimately	
   gives	
   access	
   to	
   quantitative	
   studies	
   on	
   protein	
  abundances	
  in	
  cell	
  lysates.	
  At	
  the	
  current	
  stage	
  the	
  developed	
  methodologies	
  for	
  protein	
   isolation	
   and	
   quantification	
   can	
   not	
   compete	
  with	
   traditional	
  methods	
  used	
   in	
  quantitative	
  proteomics,	
   e.g.	
  mass	
   spectrometry,(3)	
   because	
  of	
   the	
   time	
  consuming	
   data	
   acquisition	
   associated	
  with	
   quantitative	
   TEM.	
   Yet,	
   after	
   future	
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refinements	
  and	
  developments	
  (see	
  below	
  and	
  chapter	
  7),	
   it	
  will	
  be	
  possible	
  to	
  measure	
  the	
  state	
  of	
  protein	
  complexes	
  from	
  single	
  cells	
  and	
  in	
  reasonable	
  time,	
  thereby	
  creating	
  the	
  prerequisites	
  for	
  quantitative	
  and	
  qualitative	
  proteomics	
  at	
  the	
   single	
   cell	
   level	
   and	
   entering	
   a	
   field	
   typically	
   hard	
   to	
   access	
   for	
   present	
  biophysical	
  and	
  biochemical	
  methods.	
  To	
  our	
  knowledge,	
  this	
  is	
  the	
  first	
  time	
  where	
  the	
  suitability	
  of	
  single	
  particle	
  TEM	
   for	
   protein	
   quantification	
   was	
   demonstrated.	
   Consequently,	
   the	
  fundamentals	
  of	
  protein	
  quantification	
  by	
  single	
  particle	
  TEM	
  were	
  investigated	
  and	
   a	
  method	
   for	
   efficient	
   concentration	
  measurements	
   proposed	
   (chapter	
   4).	
  The	
   findings	
   implied	
   that	
   notably	
   picomolar	
   to	
   nanomolar	
   protein	
  concentrations	
  can	
  be	
  accurately	
  measured	
  using	
  the	
  presented	
  techniques	
  and	
  protocols.	
   In	
   contrast,	
   many	
   traditional	
   methods	
   routinely	
   used	
   for	
   protein	
  quantification,	
   such	
   as	
   absorbance-­‐based	
  measurements,	
   encounter	
   difficulties	
  when	
  operated	
  with	
   such	
   low	
   concentrations.	
   The	
  presented	
  method	
   relies	
   on	
  the	
  reproducible	
  adsorption	
  and	
  distribution	
  of	
  proteins	
  to	
  the	
  carbon	
  surface	
  of	
  TEM	
  grids.	
  In	
  general,	
  TEM	
  grid	
  preparation	
  is	
  expected	
  not	
  to	
  be	
  reproducible	
  when	
  prepared	
  by	
  hand	
  and	
  as	
  a	
  result	
  quantitative	
  information	
  on	
  a	
  sample	
  to	
  be	
  distorted.	
  This	
  statement	
  is	
  in	
  strong	
  contradiction	
  to	
  the	
  presented	
  results.	
  At	
  the	
  current	
  state,	
  the	
  major	
  disadvantage	
  of	
  the	
  presented	
  isolation	
  method	
  appears	
   to	
   be	
   the	
   intrinsically	
   low	
   particle	
   concentrations	
   on	
   the	
   TEM	
  preparations	
   produced.	
   Although	
   single	
   particle	
   analyses	
   were	
   successfully	
  demonstrated,	
   the	
   investigation	
   of	
   more	
   complex	
   samples	
   is	
   expected	
   to	
   be	
  extremely	
  time	
  consuming.	
  The	
  low	
  particle	
  concentrations	
  are	
  the	
  result	
  of	
  the	
  low	
  concentrated	
  eluates	
  yielded	
  by	
  the	
  presented	
  method	
  and	
  of	
  the	
  inefficient	
  grid	
   preparation	
   protocol	
   employed.	
   Possible	
   solutions	
   to	
   increase	
   the	
  concentration	
  of	
  the	
  isolated	
  proteins	
  are	
  discussed	
  in	
  chapter	
  7.2.1.	
  However,	
  a	
  robust	
  methodology	
  is	
  desired	
  to	
  deposit	
  low	
  volume	
  samples	
  in	
  an	
  efficient	
  and	
  unbiased	
   manner	
   to	
   TEM	
   grids	
   in	
   order	
   to	
   process	
   single-­‐cell	
   extracts	
   or,	
   as	
  described	
   above,	
   target	
   structures	
   that	
   are	
   specifically	
   isolated	
   from	
   relatively	
  few	
   cells	
   for	
   TEM	
   analysis.	
   Classical	
   preparation	
   techniques	
   for	
   TEM	
   involve	
  washing	
   and	
   blotting	
   steps,	
   thereby	
   wasting	
   about	
   99.5%	
   (depending	
   on	
   the	
  physiochemical	
  properties	
  of	
  the	
  protein	
  and	
  the	
  grid	
  preparation	
  protocol,	
  see	
  chapter	
   4)	
   of	
   the	
   proteins	
   in	
   the	
   applied	
   solution.	
   Furthermore,	
   the	
   selective	
  nature	
  of	
  protein	
  adsorption	
  to	
  the	
  grid	
  surface	
  hinders	
  quantitative	
  conclusions	
  on	
  the	
  occurrence	
  of	
  constituents,	
  e.g.	
  in	
  the	
  cell	
  lysate	
  to	
  be	
  drawn.	
  To	
  overcome	
  these	
  issues,	
  an	
  alternative	
  approach	
  for	
  sample	
  conditioning	
  and	
  deposition	
  to	
  various	
   sample	
   carriers	
   was	
   developed	
   and	
   validated	
   (chapter	
   5).(5)	
   This	
  approach	
  uses	
  microdialysis	
   to,	
  e.g.	
  desalt	
  or	
  negatively	
  stain	
  a	
  sample	
  prior	
  to	
  its	
  transfer	
  to	
  TEM	
  grids.	
  Rapid	
  motorized-­‐stages	
  and	
  syringe	
  pumps	
  ensure	
  the	
  dispensing	
   and	
   spreading	
   of	
   sub-­‐microliter	
   volumes	
   to	
   the	
   sample	
   carriers.	
  Subsequent	
   air-­‐drying	
   of	
   deposited	
   samples	
   avoids	
   selective	
   adsorption	
   of	
  proteins	
  to	
  the	
  support	
  and	
  eliminates	
  the	
  need	
  for	
  washing	
  and	
  blotting	
  steps.	
  This	
   concept	
   showed	
   to	
   be	
  methodologically	
   very	
   sound	
   and	
  was	
   successfully	
  applied	
   to	
   purified	
   proteins	
   and	
   heterogeneous	
   samples	
   such	
   as	
   batch	
   cell	
  lysates.	
   Various	
   negative	
   stains	
   were	
   evaluated,	
   all	
   of	
   which	
   provided	
   very	
  reproducible	
   staining	
   of	
   high	
   quality	
   and	
   more	
   homogenous	
   distribution	
  compared	
   to	
   grids	
   prepared	
   by	
   hand.	
   In	
   contrast	
   to	
   the	
   widely	
   used	
   negative	
  stain	
   uranyl	
   acetate,	
   the	
   tested	
   stains	
   proofed	
   to	
   be	
   tolerant	
   to	
   phosphate	
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buffers,	
   hence	
   allowing	
   protein	
   structures	
   sensitive	
   to	
   buffer	
   conditions	
   to	
   be	
  processed	
   close	
   to	
   physiological	
   pH	
   conditions.	
   In	
   addition	
   staining	
  characteristics	
   can	
   be	
   finely	
   tuned.	
   Furthermore,	
   initial	
   experiments	
  demonstrated	
   that	
   sample	
   preparations	
   for	
   subsequent	
   STEM	
   analysis	
   were	
  competitive	
   to	
   those	
   routinely	
  prepared	
  by	
  hand	
  and	
  mass	
  determinations	
  can	
  be	
  done.	
  The	
  proposed	
  isolation	
  method	
  was	
  expected	
  to	
  profit	
  a	
  lot	
  from	
  a	
  technique	
  allowing	
   for	
   an	
   efficient	
   and	
   unbiased	
   transfer	
   of	
   proteins	
   to	
   TEM	
   grids.	
  Consequently,	
   the	
   isolation	
   setup	
   was	
   connected	
   to	
   the	
   modules	
   for	
   sample	
  conditioning	
  and	
  deposition.	
  However,	
  initial	
  tests	
  still	
  yielded	
  grid	
  preparations	
  with	
   inherently	
   low	
  concentrated	
  particles,	
  which	
  was	
  attributed	
   to	
   the	
   loss	
  of	
  the	
  low	
  sample	
  amounts	
  that	
  occurred	
  during	
  the	
  transfer	
  and	
  processing	
  steps.	
  This	
   loss	
  was	
  caused	
  by,	
  e.g.	
  nonspecific	
  adsorption	
  of	
  proteins	
   to	
   the	
  capillary	
  walls.	
  Although	
  some	
  modifications	
  of	
  the	
  setup,	
  such	
  as	
  the	
  drastic	
  reduction	
  of	
  transfer	
  paths	
  and	
  utilizing	
  surface	
  passivation	
  of	
  capillaries	
  could	
  improve	
  the	
  yield	
  of	
  processed	
  protein	
  to	
  some	
  extend,	
  a	
  future	
  hybrid	
  setup	
  is	
  envisaged	
  to	
  follow	
  a	
  different	
  concept.	
   I.e.	
   rather	
   than	
  the	
  serial	
  connection	
  of	
   the	
  different	
  modules,	
   the	
   fusion	
   of	
   the	
   individual	
   processing	
   methodologies	
   into	
   a	
   single	
  module	
  is	
  desired.	
  The	
  complexity	
  of	
  the	
  interactome	
  has	
  to	
  be	
  tackled	
  with	
  hybrid	
  approaches.	
  In	
  this	
  respect,	
  the	
  motivation	
  for	
  the	
  development	
  of	
  a	
  novel	
  approach	
  to	
  single-­‐cell	
  visual	
  proteomics	
  is	
  to	
  provide	
  an	
  alternative	
  and	
  complementary	
  method	
  to	
  characterize	
   the	
  proteome	
  and	
   to	
  correlate	
   the	
  acquired	
  data	
   to	
   those	
  of	
  other	
  techniques	
   used	
   in	
   single-­‐cell	
   proteomics.	
   While	
   a	
   global	
   qualitative	
   and	
  quantitative	
  visual	
  analysis	
  of	
   the	
  entire	
  proteome	
  still	
   requires	
  a	
   lot	
  of	
  efforts	
  and	
  developments,	
   the	
  methodologies	
  acquired	
  during	
   the	
  course	
  of	
   this	
   thesis	
  will	
  ensure	
  that	
  quantitative	
  targeted	
  proteomics	
  by	
  qTEM	
  is	
  soon	
  in	
  the	
  realms	
  of	
  possibility.	
  	
  
6.2 Protein	
  isolation	
  in	
  the	
  context	
  of	
  single	
  cells	
  The	
   visual	
   analysis	
   of	
   the	
   entire	
   proteome	
   of	
   a	
   single	
   eukaryotic	
   cell	
   using	
  negative	
   stain	
   TEM	
   is	
   a	
   challenging	
   task.	
   This	
   especially	
   applies	
   for	
   the	
  identification	
  of	
  the	
  individual	
  protein	
  species	
  constituting	
  the	
  proteome.	
  At	
  the	
  cost	
   of	
   loosing	
   most	
   of	
   the	
   cellular	
   context,	
   the	
   simplest	
   solution	
   to	
   facilitate	
  protein	
  identification	
  is	
  to	
  follow	
  a	
  targeted	
  proteomics	
  approach	
  where	
  specific	
  structures	
   are	
   isolated	
   from	
   the	
   crowded	
   cell	
   lysate	
   to	
   reduce	
   the	
   sample’s	
  complexity.	
  	
  The	
  presented	
  methodologies	
   for	
  protein	
   isolation,	
   sample	
   conditioning	
  and	
  deposition	
   are	
   ready	
   to	
   be	
   applied	
   for	
   the	
   processing	
   of	
   single-­‐cell	
   lysates.	
   A	
  detailed	
  description	
  of	
  a	
  feasible	
  hybrid	
  setup	
  fusing	
  all	
  the	
  techniques	
  relevant	
  for	
   quantitative	
   targeted	
  proteomics	
   of	
   single	
   cells	
   by	
  TEM	
   is	
   given	
   in	
   chapter	
  7.2.2.	
   Due	
   to	
   the	
   low	
   copy	
   numbers	
   of	
   protein	
   species	
   present	
   in	
   a	
   single	
  eukaryotic	
  cell	
  and	
  the	
  inherent	
  low	
  sample	
  volumes,	
  the	
  main	
  challenge	
  will	
  be	
  to	
  minimize	
  sample	
  loss	
  and	
  protein	
  dilution	
  during	
  processing,	
  as	
  dilution	
  has	
  a	
  massive	
  negative	
  impact	
  on	
  isolation	
  and	
  transfer	
  efficiencies.	
  The	
  design	
  of	
  the	
  presented	
   isolation	
   methodology	
   already	
   accounts	
   for	
   these	
   difficulties;	
   the	
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usage	
   of	
   magnetic	
   beads	
   and	
   microcapillary	
   techniques	
   offers	
   the	
   simple	
  miniaturization	
  of	
  the	
  setup	
  in	
  the	
  sense	
  of	
  volumes	
  and	
  concentrations	
  to	
  meet	
  the	
  requirements	
  for	
  single-­‐cell	
  processing.	
  However,	
  even	
  for	
  the	
  unlikely	
  case	
  where	
   100%	
   of	
   a	
   target	
   protein	
   species	
   are	
   successfully	
   isolated	
   and	
  homogenously	
   distributed	
   on	
   a	
   TEM	
   grid	
   more	
   than	
   100	
   images	
   must	
   be	
  collected	
   on	
   average	
   to	
   detect	
   a	
   single	
   protein	
   (assuming	
   hundred	
   thousand	
  proteins	
   adsorbed	
   to	
   the	
   grid	
   and	
   imaged	
   at	
   a	
   pixel	
   size	
   of	
   0.40	
   nm).	
   This	
  estimation	
  emphasizes	
  that	
  new	
  ways	
  for	
  efficient	
  data	
  acquisition	
  and	
  analysis	
  must	
  be	
  found	
  when	
  dealing	
  with	
  targeted	
  visual	
  proteomics	
  of	
  single	
  cells.	
  For	
  example,	
   isolated	
  proteins	
   could	
  be	
  deposited	
  on	
   the	
  TEM	
  grid	
  only	
  at	
   specific	
  positions	
  to	
   induce	
  a	
  higher	
  particle	
  concentration.	
  Complementary,	
  automated	
  image	
   acquisition	
   and	
   processing	
   will	
   be	
   required.	
   Finally,	
   new	
   detectors(6)	
  permitting	
   higher	
   frame	
   rates	
   compared	
   to	
   conventional	
   CCD	
   cameras	
   used	
   in	
  the	
   electron	
   microscopy	
   field	
   might	
   offer	
   to	
   scan	
   the	
   grid	
   surface	
   in	
   a	
   very	
  efficient	
  and	
  rapid	
  fashion.	
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7 Conclusions	
  and	
  outlook	
  
7.1 Aim	
  and	
  scope	
  of	
  this	
  thesis	
  The	
   aim	
   of	
   this	
   thesis	
   was	
   to	
   pave	
   the	
   way	
   for	
   quantitative	
   targeted	
  proteomics	
   of	
   single	
   cells	
   by	
   transmission	
   electron	
  microscopy	
   (TEM).	
   To	
   this	
  end,	
  a	
  novel	
  microfluidic-­‐based	
  method	
  for	
  the	
  quantitative	
  isolation	
  of	
  protein	
  complexes	
  from	
  minute	
  volumes	
  of	
  cell	
  lysates	
  has	
  been	
  developed.	
  In	
  addition,	
  the	
  suitability	
  of	
  single	
  particle	
  TEM	
  for	
  protein	
  quantification	
  has	
  been	
  reported	
  for	
   the	
   first	
   time	
   and	
   the	
   fundamentals	
   of	
   quantitative	
   TEM	
   established.	
  Furthermore,	
  a	
  novel	
  methodology	
   for	
   the	
  preparation	
  of	
  high	
  quality	
  negative	
  stain	
  TEM	
  samples	
  from	
  minute	
  sample	
  volumes	
  of	
  complex	
  biological	
  mixtures	
  was	
  developed.	
  Already	
  now	
   these	
  procedures	
   are	
  promising	
   tools	
   for	
   the	
   fast	
  isolation	
  and	
  labelling	
  of	
  protein	
  complexes	
  or	
  aggregates	
  from	
  cell	
   lysates,	
   the	
  quantitative	
   analysis	
   of	
   proteins	
   by	
  TEM,	
   and	
   for	
   negative	
   stain	
   single	
   particle	
  TEM	
   in	
   general.	
   Future	
   developments	
   aim	
   to	
   improve	
   some	
   aspects	
   of	
   the	
  individual	
  methods	
  and	
  to	
  combine	
  them	
  with	
  a	
  recently	
  developed	
  module	
  for	
  single	
  cell	
  lysis,(1)	
  ultimately	
  enabling	
  the	
  qualitative	
  and	
  quantitative	
  analysis	
  of	
  the	
  heterogeneity	
  of	
  protein	
  complexes	
  from	
  individual	
  cells.	
  	
  
7.2 Future	
  developments	
  
7.2.1 Rapid	
  isolation	
  of	
  protein	
  complexes	
  for	
  cryo-­‐TEM	
  Structural	
   information	
   employing	
   negative	
   stain	
   TEM	
   is	
   very	
   limited,	
   i.e.	
   to	
  about	
  2	
  nm,(2)	
  yet,	
  near	
  atomic	
  resolution	
  is	
  required	
  to	
  fully	
  understand	
  the	
  role	
  of	
  a	
  complex	
  or	
  the	
  working	
  mechanism	
  of	
  a	
  channel.	
  Cryo-­‐TEM	
  can	
  provide	
  near	
  atomic	
   resolution	
   of	
   protein	
   complexes(3)	
   but	
   also	
   requires	
   relatively	
   high	
  protein	
   concentrations	
   for	
   optimal	
   grid	
   preparation.	
   Hence,	
   to	
   date	
   the	
  developed	
  isolation	
  method	
  is	
  dedicated	
  to	
  negative	
  stain	
  single	
  particle	
  TEM	
  as	
  only	
   low	
   concentrated	
   samples	
   of	
   purified	
   proteins	
   are	
   produced.	
   Future	
  developments	
  aim	
  to	
  increase	
  the	
  concentration	
  of	
  the	
  eluted	
  target	
  structures,	
  ultimately	
  enabling	
  cryo-­‐sample	
  preparation	
  and	
  thus,	
  providing	
  an	
  elegant	
  way	
  to	
   rapidly	
  probe	
   the	
   structure	
  of	
   a	
  protein	
   complex	
  without	
   the	
  need	
  of	
   large-­‐scale	
   protein	
   purification	
   using	
   traditional	
   methods.	
   Three	
   options	
   are	
  considered	
   to	
   increase	
   the	
   protein	
   concentration:	
   First,	
   downscaling	
   of	
   the	
  capillary	
  diameter	
  and	
  the	
  length	
  of	
  the	
  magnetic	
  bead	
  plug	
  will	
  lead	
  to	
  a	
  locally	
  increased	
   concentration	
   of	
   immobilized	
   target	
   proteins.	
   Second,	
   prior	
   to	
  photocleavage,	
  the	
  bead	
  plug	
  is	
  encapsulated	
  using	
  air	
  or	
  oil	
  droplets	
  (following	
  two-­‐phase	
  microfluidics)	
  to	
  avoid	
  dilution	
  during	
  the	
  elution	
  process.	
  Third,	
  the	
  resulting	
   low-­‐volume	
   eluate	
   is	
   deposited	
   on	
   a	
   TEM	
   grid	
   using	
   a	
   hand-­‐over	
  approach	
  similar	
   to	
   that	
  described	
   in	
  chapter	
  5,	
   followed	
  by	
  plunge-­‐freezing	
  of	
  the	
  grid	
  (currently	
  under	
  testing).	
  	
  
7.2.2 Towards	
  quantitative	
  targeted	
  proteomics	
  of	
  single	
  cells	
  Future	
  developments	
  aim	
  to	
  combine	
  the	
  developed	
  protein	
  isolation	
  method	
  with	
  an	
  approach	
  for	
  the	
  lysis	
  of	
  single	
  eukaryotic	
  cells	
  to	
  reduce	
  the	
  complexity	
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of	
  the	
  revealed	
  proteome	
  and	
  thereby	
  facilitate	
  the	
  subsequent	
  visual	
  analysis	
  by	
  TEM.	
   For	
   this	
   purpose,	
   a	
   new	
   setup	
   is	
   under	
   construction	
   that	
   will	
   also	
  accommodate	
  long-­‐term	
  cell	
  culturing	
  and	
  live-­‐cell	
  imaging	
  for	
  the	
  correlation	
  of	
  light-­‐	
  and	
  electron	
  microscopy.	
  The	
  basic	
  idea	
  of	
  this	
  concept	
  is	
  described	
  in	
  the	
  following.	
  At	
  first	
  an	
  individual	
  cell	
  from	
  the	
  culture	
  is	
  selected	
  for	
  TEM	
  analysis,	
  e.g.	
  upon	
  a	
  stimulus	
  that	
  triggered	
  a	
  fluorescence	
  signal.	
  The	
  targeted	
  cell	
  is	
  then	
  lysed	
  using	
  electroporation	
  and	
  the	
  revealed	
  proteome	
  aspirated	
  into	
  a	
  capillary.	
  In	
  a	
  second	
  step,	
  a	
  small	
  amount	
  of	
  magnetic	
  beads	
  that	
  are	
  conjugated	
  to	
  affinity	
  molecules	
  via	
  photocleavable	
   linkers,	
  are	
  aspirated	
  and	
   incubated	
  with	
   the	
  cell	
  lysate.	
  The	
  total	
  sample	
  volume	
  will	
  be	
  at	
  the	
  order	
  of	
  15	
  nL.	
  Subsequently	
  the	
  beads	
  are	
  trapped	
  via	
  external	
  magnets	
  and	
  the	
  non-­‐immobilized	
  proteins	
  either	
  discarded	
   or	
   processed	
   for	
   TEM	
   analysis.	
   After	
   washing,	
   the	
   bead	
   plug	
   is	
  illuminated	
   with	
   UV-­‐light	
   and	
   the	
   released	
   targets	
   are	
   transferred	
   to	
   the	
  conditioning	
   module	
   and	
   subsequently	
   dispensed	
   on	
   TEM	
   grids.	
   To	
   avoid	
  dilution	
   during	
   sample	
   transfers,	
   a	
   two-­‐phase	
  microfluidic	
   approach	
  might	
   be	
  demanded.	
  Because	
  of	
  the	
  low	
  copy	
  numbers	
  of	
  a	
  particular	
  protein	
  species	
  from	
  a	
  single	
  cell,	
  the	
  concentration	
  of	
  isolated	
  protein	
  on	
  a	
  TEM	
  grid	
  is	
  expected	
  to	
  be	
  inherently	
  low.	
  In	
  this	
  respect,	
  the	
  protein	
  eluate	
  should	
  be	
  deposited	
  only	
  on	
  a	
  defined	
  small	
  area	
  of	
  the	
  TEM	
  grid	
  to	
  induce	
  a	
  local	
  progressive	
  concentration	
  of	
  proteins.	
  	
  
7.2.3 Nanobeads	
  The	
   usage	
   of	
   novel	
   magnetic	
   nanoparticles	
   can	
   significantly	
   improve	
   the	
  presented	
   isolation	
  methodology,	
   facilitate	
   its	
   integration	
   for	
   the	
  processing	
  of	
  single	
  cell	
  lysates,	
  or	
  might	
  also	
  offer	
  a	
  completely	
  new	
  approach	
  for	
  quantitative	
  targeted	
  proteomics	
  by	
  TEM.	
  To	
  date,	
  the	
  presented	
  isolation	
  method	
  relies	
  on	
  superparamagnetic	
  beads	
  of	
  1	
  µm	
  in	
  diameter.	
  This	
  dimension	
  necessitates	
  the	
  removal	
  of	
  these	
  beads	
  from	
  conjugated	
   target	
   proteins	
   using	
   photocleavage	
   since	
   the	
   comparatively	
   large	
  beads	
  would	
   cover	
   proteins	
   in	
   TEM.	
   Therefore,	
   the	
   usage	
   of	
   smaller	
  magnetic	
  particles,	
   i.e.	
  of	
  10	
  –	
  20	
  nm	
   in	
  diameter,	
  would	
   firstly,	
  eliminate	
   the	
  need	
   for	
  a	
  photocleavage	
   step	
   and	
   secondly,	
   provide	
   an	
   intrinsic	
   electron	
   dense	
   label	
   for	
  the	
  isolated	
  target	
  structures.	
  Though,	
  such	
  small	
  magnetic	
  particles	
  are	
  difficult	
  to	
  manipulate	
  using	
  magnetic	
  field	
  gradients	
  since	
  the	
  magnetic	
  force	
  acting	
  on	
  a	
  magnetic	
   bead	
   scales	
   with	
   the	
   third	
   power	
   of	
   the	
   bead	
   radius	
   while	
   the	
   drag	
  force	
   exerted	
   by	
   the	
   fluid	
   surrounding	
   the	
   bead	
   scales	
   simply	
   with	
   the	
   bead	
  radius.	
   I.e.	
   a	
   compromise	
   for	
   the	
  bead	
  dimensions	
  between	
   suitability	
   for	
  TEM	
  and	
   accessibility	
   for	
   magnetic	
   manipulation	
   must	
   be	
   found.	
   Novel	
   magnetic	
  nanobeads	
  of	
  down	
   to	
  30	
  nm	
   in	
  diameter	
   are	
  made	
  of	
  metals	
   and	
   thus	
  offer	
   a	
  much	
   higher	
   magnetization	
   than	
   those	
   beads	
   used	
   in	
   our	
   studies.	
   These	
  nanobeads	
  are	
  routinely	
  used	
  to	
  purify	
  target	
  structures	
  from	
  e.g.	
  rats	
  blood(4)	
  or	
  water(5)	
  but	
  are	
  still	
   too	
   large	
   for	
  TEM	
  analysis	
  and	
  whether	
  a	
  reduction	
  of	
   the	
  bead	
   diameter	
   maintains	
   the	
   magnetic	
   accessibility	
   of	
   beads	
   is	
   up	
   to	
   be	
  investigated.	
   A	
   possible	
   solution	
   could	
   be	
   the	
   introduction	
   of	
   additional	
  micrometer-­‐sized	
   superparamagnetic	
   beads,	
   which	
   would	
   locally	
   increase	
   the	
  magnetic	
  field	
  gradients.	
  This	
  procedure	
  for	
  field	
  enhancement	
  is	
  similar	
  to	
  the	
  integration	
  of	
  soft	
  magnetic	
  composites	
  on	
  microfluidic	
  channels.(6)	
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Another	
   application	
   of	
   magnetic	
   nanobeads	
   could	
   be	
   the	
   very	
   simple	
   high-­‐throughput	
  isolation	
  of	
  target	
  structures	
  from	
  single	
  cell	
  lysates	
  directly	
  on	
  TEM	
  grids.	
   This	
   approach	
   could	
   look	
   as	
   follows:	
   First,	
   a	
   suspension	
   of	
   nanobeads	
  conjugated	
  to	
  affinity	
  molecules,	
  e.g.	
  antibodies,	
  is	
  added	
  to	
  a	
  carbon	
  coated	
  TEM	
  grid	
   together	
   with	
   the	
   lysate	
   of	
   a	
   single	
   cell	
   containing	
   the	
   target	
   structures.	
  After	
  incubation,	
  a	
  magnetic	
  field	
  gradient	
  is	
  applied,	
  pulling	
  the	
  beads	
  together	
  with	
   the	
   targets	
   down	
   to	
   the	
   carbon	
   film.	
   Subsequently,	
   washing	
   steps	
   are	
  applied	
  to	
  remove	
  cell	
  lysate	
  from	
  the	
  immobilized	
  nanobeads.	
  Finally	
  the	
  grid	
  is	
  negatively	
  stained	
  (or	
   frozen)	
  and	
  the	
   field	
  gradient	
  removed.	
  To	
  some	
  extend,	
  this	
   isolation	
   approach	
   is	
   similar	
   to	
   that	
   of	
   affinity-­‐grids,(7,8)	
   but	
  might	
   offer	
   a	
  much	
   higher	
   isolation	
   efficiency	
   and	
   purity.	
   Due	
   to	
   the	
   applied	
   field	
   gradient	
  every	
   nanobead	
   is	
   expected	
   to	
   become	
   immobilized	
   on	
   the	
   carbon	
   surface	
  leading	
   to	
   much	
   higher	
   protein	
   concentrations	
   compared	
   to	
   those	
   of	
   grids	
  prepared	
   by	
   hand.	
   Furthermore,	
   negative	
   staining	
   can	
   be	
   done	
   directly	
   on	
   the	
  grid;	
  thus,	
  the	
  hand-­‐over	
  and	
  the	
  conditioning	
  module	
  as	
  presented	
  in	
  chapter	
  5	
  are	
  not	
   required,	
   resulting	
   in	
  a	
  very	
  efficient	
   low-­‐tech	
  high-­‐throughput	
  protein	
  isolation	
  and	
  labelling	
  method	
  for	
  TEM.	
  	
  
7.3 Future	
  applications	
  The	
   protein	
   isolation	
   method	
   developed	
   during	
   the	
   course	
   of	
   this	
   thesis	
   is	
  dedicated	
  to	
  hypothesis-­‐driven	
  biology.	
  Hence,	
  prior	
  knowledge	
  about	
  a	
  target	
  is	
  required	
  to	
  perform	
  an	
  experiment.	
  Once	
  a	
  protein	
  constituting	
  a	
  multimolecular	
  protein	
   complex	
   can	
   be	
   targeted,	
   the	
   heterogeneity	
   of	
   such	
   a	
   complex	
   can	
   be	
  studied.	
   Though,	
   protein	
   complexes	
   are	
   often	
   composed	
   of	
   weakly	
   interacting	
  proteins	
  and	
  the	
  targeting	
  of	
  an	
  individual	
  protein	
  using	
  genetic	
  engineering	
  to	
  introduce	
   affinity	
   tags	
   might	
   be	
   very	
   challenging	
   and	
   disturb	
   the	
   fidelity	
   of	
   a	
  complex.	
   For	
   such	
   complexes	
   being	
   difficult	
   to	
   handle	
   using	
   traditional	
  purification	
   methods,	
   such	
   as	
   the	
   human	
   Mediator	
   complex(9)	
   or	
  inflammasomes,(10)	
   the	
   proposed	
   method	
   can	
   offer	
   initial	
   qualitative	
   and	
  quantitative	
   information	
   in	
   short	
   time.	
   Upon	
   the	
   integration	
   of	
   cryo-­‐sample	
  preparation	
   and	
   improvement	
   of	
   resulting	
   protein	
   concentrations,	
   the	
  methodology	
  might	
  even	
  rule	
  out	
  classical	
  methods	
  used	
  for	
  protein	
  purification	
  to	
  some	
  extend.	
  	
   With	
   the	
   completion	
   of	
   the	
   proposed	
   setup	
   for	
   protein	
   isolation	
   from	
  individual	
   cells,	
   hypothesis-­‐driven	
   experiments	
   can	
  be	
   performed	
   at	
   the	
   single	
  cell	
   level,	
   e.g.	
   the	
   heterogeneity	
   of	
   a	
   multimolecular	
   protein	
   complex	
   formed	
  around	
   a	
   common	
   targeted	
   bait	
   protein	
   can	
   be	
   studied	
   qualitatively	
   and	
  quantitatively.	
   The	
   individuality	
   of	
   this	
   diversity	
   is	
   eventually	
   assessed	
   by	
  comparing	
  the	
  measurement	
  to	
  those	
  of	
  other	
  cells	
  that	
  are	
  known	
  to	
  be	
  in	
  the	
  same	
  or	
  different	
  state.	
  The	
   procedure	
   outlined	
   above	
   allows	
   many	
   biological	
   questions	
   to	
   be	
  addressed	
  that	
  are	
  of	
  great	
  relevance	
   for	
  human	
  society	
  and	
  extremely	
  difficult	
  to	
   tackle	
  with	
  biophysical	
  methods	
  currently	
  available.	
  For	
  example,	
   the	
  prion-­‐like	
   spreading	
   of	
   protein	
   aggregations	
   through	
   the	
   nervous	
   system,	
   closely	
  linked	
   to	
   many	
   neurodegenerative	
   disorders(11)	
   such	
   as	
   Alzheimer’s	
   disease	
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(amyloid-­‐β	
  and	
  tau	
  protein)(12)	
  and	
  Parkinson’s	
  disease	
  (α-­‐synuclein),(13)	
  can	
  be	
  investigated.	
   To	
   date	
   the	
   detailed	
   molecular	
   mechanism	
   of	
   how	
   these	
  aggregations	
  of	
  misfolded	
  proteins	
  propagate	
   from	
  one	
  cell	
   to	
  another	
  remains	
  elusive.	
   Furthermore	
   evidence	
   rises	
   that	
   different	
   structural	
   forms	
   of	
  aggregations	
  might	
  lead	
  to	
  different	
  phenotypical	
  disorders,	
  such	
  as	
  Lewy	
  body	
  disease	
  or	
  Parikinson’s	
  disease.	
  To	
  address	
  these	
  questions,	
  we	
  designed	
  initial	
  experiments	
   that	
   allow	
   the	
   spreading	
   mechanism	
   as	
   well	
   as	
   the	
   structural	
  information	
   of	
   the	
   involved	
   aggregations	
   to	
   be	
   detected	
   and	
  monitored	
   at	
   the	
  single	
   cell	
   and	
  single	
  molecule	
   level	
   in	
  a	
   spatial	
  and	
   temporal	
   fashion.	
   In	
   these	
  experiments	
   minimalistic	
   neuronal	
   tissues	
   are	
   built	
   using	
   fetal	
   human	
  mesencephalic	
   cell	
   line	
   (LUHMES,	
   lund	
   human	
   mesencephalic)	
   that	
   is	
  differentiated	
  to	
  form	
  neurite	
  networks	
  with	
  dendrites	
  and	
  axons.	
  Employing	
  the	
  proposed	
  single-­‐cell	
  protein	
   isolation	
  setup	
  described	
  above,	
   it	
  will	
  be	
  possible	
  to	
  perform	
   “seeding”	
   experiments,	
  where	
   for	
   example	
   a	
  diseased	
   cell	
   is	
   placed	
  inside	
   the	
   “healthy”	
   cell	
   culture.	
   Live-­‐cell	
   imaging	
   will	
   allow	
   to	
   monitor	
   the	
  development	
   and	
  morphology	
   of	
   the	
   network	
   and	
   to	
   select	
   individual	
   cells	
   at	
  specific	
   time	
  points	
  or	
  upon	
  a	
   fluorescence	
  trigger	
   for	
  the	
  extraction	
  of	
  protein	
  aggregates	
  and	
  subsequent	
  structural	
  analysis	
  at	
  the	
  single	
  molecule	
  level	
  using	
  TEM.	
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